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In this letter, we have examined the superconducting ground state of the HfV2Ga4 compound
using resistivity, magnetization, zero-field (ZF) and transverse-field (TF) muon-spin relaxation and
rotation (µSR) measurements. Resistivity and magnetization unveil the onset of bulk supercon-
ductivity with Tc ∼ 3.9 K, while TF-µSR measurements show that the temperature dependence of
the superfluid density is well described by a nodal two-gap s+d-wave order parameter model. In
addition, ZF muon relaxation rate increases with decreasing temperature below 4.6 K, indicating
the presence of weak spin fluctuations. These observations suggest an unconventional multiband
nature of the superconductivity possibly arising from the distinct d-bands of V and Hf ions with
spin fluctuations playing an important role. To better understand these findings, we carry out first-
principles electronic-structure calculations, further highlighting that the Fermi surface consists of
multiple disconnected sheets with very different orbital weights and spin-orbit coupling, bridging
the way for a nodal multiband superconductivity scenario. In this vein, therefore, HfV2Ga4-family
stands out as an open avenue to novel unexplored unconventional superconducting compounds, such
as ScV2Ga4 and ZrV2Ga4, and other many rare earths based materials.
PACS numbers: 71.20.Be, 76.75.+i
Unconventional superconducting materials have at-
tracted considerable interest over the last decades due to
their extremely rich physics and emerging breakthrough
properties [1, 2]. In such materials, the superconduct-
ing state transcends the BCS-like signatures, as well as
the isotropic s-wave pairing symmetry of the gap struc-
ture. Instead, a complex interaction framework among
electrons, the crystal lattice, and spin-orbital fluctua-
tions are established as the possible mediation mecha-
nism of the Cooper pairs [3]. HfV2Ga4 is a newly dis-
covered superconducting compound with a critical tem-
perature (Tc) of ≈ 3.9 K that crystallizes in the tetrag-
onal body-centered prototype YbMo2Ga4 [1]. Substan-
tial deviations of the temperature dependence of upper
and lower critical fields from the expected Werthamer-
Helfand-Hohenberg (WHH) formula [4] has led the au-
thors to argue in favor of the presence of two super-
conducting gaps in the Fermi surface [1]. Later, first-
principles electronic-structure calculations revealed the
presence of electrons occupying very distinct bands at the
Fermi level in the presence of spin-orbit coupling (SOC)
effects [11]. Also, a substantial elastic anisotropy regime,
due to the presence of extended linear vanadium chains
in the structure [7], indicates the feasibility of multiband
superconductivity and the manifestation of possible un-
conventional properties.
In this Letter, we present unambiguous evidence
of two-gap nodal superconductivity in HfV2Ga4 using
transverse (TF) muon spin rotation (µSR) measurement.
However, in opposition to what is generally accepted in
previous experimental and theoretical attempts, we have
discovered an unconventional superconducting order pa-
rameter with s+d-wave pairing symmetry and spin fluc-
tuations traces. These experimental findings are further
supported by density functional theory (DFT) calcula-
tions. Therefore, HfV2Ga4 could represent a novel fam-
ily of unconventional superconductors, going beyond Fe-
based compounds, heavy-fermions, non-centrosymmetric
systems, and other known classes [1–3]. Thus, several
compounds within the HfV2Ga4-family, such as ScV2Ga4
and ZrV2Ga4 [7, 11], stand out as an open avenue to fur-
ther investigate unconventional superconducting proper-
ties using various experiments and theoretical models.
For the present µSR study a high-quality polycrys-
talline sample of HfV2Ga4 was prepared by arc melting
of the stoichiometric amount of hafnium, vanadium, and
gallium on a water-cooled Cu crucible in a high-purity
Ar atmosphere, the arc-melted pellet was encapsulated
in an evacuated quartz ampoule and heated up to 800
◦C and kept at that temperature for one week, then
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2FIG. 1. Representative TF-µSR asymmetry spectra in the low time region collected at (a) at T = 0.1 K and (b) at T = 4.75
K (i.e. below and above Tc) in an applied magnetic field of 30 mT. (c) Represent the σsc(T ) data in field cooling mode with
fits using various gap models. The dash green line shows the fit using an isotropic single-gap s-wave model, the solid red line
and dash-dotted blue line show the fit to a two-gap model, s+d-wave and s+s-wave, respectively. The orange dash-dotted
line shows the fit using an anisotropic s-wave model and the dash-dotted purple line shows the fit using d-wave model. (d)
Temperature dependence of the normalized internal field from the sample.
quenched in cold water [1]. Magnetotransport measure-
ments were performed using a VSM-PPMS EverCool II
from Quantum Design. A powdered sample of HfV2Ga4
was used for the µSR experiments, which were carried
out on the MUSR spectrometer at the ISIS Pulsed Neu-
tron and Muon Source of Rutherford Appleton Labo-
ratory, U.K. The sample was placed on a silver holder
(99.999%) using GE-varnish, which was loaded in a di-
lution refrigerator operating between 0.1 K and 4.75 K.
Zero-field (ZF) and transverse field (TF)-µSR measure-
ments were performed at different temperatures between
0.1 K and 4.75 K. For ZF-µSR measurement, an active
compensation system was used to cancel any stray mag-
netic fields at the sample space to a level of ∼ 10−4 mT.
ZF-µSR measurement is beneficial to identify the sponta-
neous internal field associated with time-reversal symme-
try breaking [2]. TF-µSR measurements were carried out
in the presence of an external magnetic of 30 mT, which
is well above the lower critical field (µ0Hc1 = 1.2 mT),
and well below the upper critical field (µ0Hc2 = 1.1 T)
of HfV2Ga4. The experimental data were analyzed using
the WiMDA software [9].
Santos et al. [1] recently reported superconductiv-
ity on HfV2Ga4 at TC = 3.9 K, in which the upper
and lower critical fields show unusual dependence with
reduced temperature (T/TC), suggesting strong devia-
tions from the conventional BCS behavior. This type
of unusual behavior is also seen for other materials,
such as Cu0.3ZrTe2−y [10], fluorine doped NdFeAsO [11],
FeSe [12], SmFeAs0.09F0.01 , Ba0.6K0.4Fe2As2 [13, 14]
and MgB2 [15]. To clarify the microscopic characteristics
and superconducting gap structure of HfV2Ga4, TF-µSR
measurements were carried in the mixed superconducting
state. First, we applied an external magnetic field of 30
mT above TC, followed by colling down to 0.1 K. The TF-
µSR asymmetry spectra were collected at various temper-
atures up to TC. Figs. 1(a)-(b) exhibit two representative
TF-µSR spectra collected at T = 4.75 K and 0.1 K in H
= 30 mT. The asymmetry spectra at 0.1 K show faster re-
laxation compared to 4.75 K data as a result of the devel-
opment of the flux line lattice below TC. The time evolu-
tion of the µSR asymmetry can be modeled by ATF(t) =
A1 cos(γµB1t+Φ) exp(−σ2t22 )+Abg cos(γνBbgt+Φ) [16–
19], where A1 and Abg describe the initial asymmetries
belonging to the sample and silver holder contributions,
individually, with Abg not undergoing any depolarization;
B1 and Bbg are the internal fields from the sample and
from the sample holder, respectively. γν/2pi = 135.53
MHz/T is the muon gyromagnetic ratio; Φ is the initial
phase; and σ is a Gaussian muon spin relaxation rate.
The flux line lattice related muon relaxation can be ex-
tracted by subtracting the nuclear contribution according
3FIG. 2. (a) Represent the ZF-µSR spectra for HfV2Ga4 at 0.1 K and 4.6 K. The solid lines are fits to the data, as described
in the text. The inset shows the asymmetry data at lower time. (b) shows the temperature dependence of the relaxation rate
λZF (T ), which intimate the presence of spin fluctuations.
σsc =
√
σ2 − σ2n, where σn is the nuclear magnetic dipo-
lar contribution which is temperature independent and
was obtained from spectra measured above TC. By fit-
ting the spectra at 4.75 K we obtained σn = 0.35 µs
−1.
Considering that σsc is linked to the magnetic penetra-
tion depth (λ) by σsc ≈ 1/λ2, the superconducting gap
symmetry can be determined from the temperature de-
pendence of σsc(T ). The temperature-dependent of mag-
netic penetration depth was analyzed employing different
models, generally described by σsc(T )σsc(0) =
λ−2(T )
λ−2(0) = 1 +
1
pi
∫ 2pi
0
∫∞
∆(T,φ)
(
∂f
∂E
)
EdEdφ√
E2−∆(T,φ)2 [20, 21], where ∆ is an
angle-dependent gap function, f = [1+exp(−E/kBT )]−1
is the Fermi function, and the integration signifies an av-
erage across the Fermi surface. The gap is expected to
follow the function ∆(T ) = ∆0δ(T/TC)g(φ), where ∆0 is
the maximum gap value at zero temperature and g(φ) is
the angular dependence of the gap, equal to 1 and cos(2φ)
for an s- and d-wave model, respectively. Here φ is the
azimuthal angle. The superconducting gap symmetry is
expected to follow δ(T/TC) = tanh[1.82[1.018(TC/T −
1)]0.51][22, 23]. This gap function is sufficiently precise
to explain the temperature dependency at any coupling
strength.
The λ−2(T ) data were fitted based on five different
gap models (a) an isotropic s-wave gap, (b) an isotropic
s+s-wave, (c) anisotropic s-wave, (d) a d-wave line node
and (e) a nodal s+d-wave, as shown in Fig. 1(c). The
estimated fit parameters are given in the Supplemental
Material [24] in Table I. Further, the diamagnetic sig-
nal observed below TC can be seen through the decrease
in the internal field below TC as shown in Fig. 1(d).
From the fits presented in Fig. 1(c) it is obvious that
the isotropic s-wave, anisotropic s-wave, d-wave models
do not fit the data as they give a high value of good-
ness of fit χ2. Contrariwise, two-gap models using the
isotropic s+s-wave and a nodal s+d-wave show good fits
to the λ−2(T ) data. Furthermore the low T upturn can
be best fitted with a nodal s+d-wave model with a mini-
mum value of χ2 = 1.3. The estimated parameters for the
nodal s+d-wave model show one larger gap 2∆1(0)/kBTc
= 6.27±0.2 (meV), which is larger than the value of
3.53 as expected for conventional BCS gap and another
smaller gap 2∆2(0)/kBTc = 1.14±0.1 (meV). The smaller
gap is a nodal gap for the s+d-wave model. Moreover,
the large gap value indicates the presence of strong cou-
pling superconductivity in HfV2Ga4. The parameters ob-
tained from the fit to the σsc(T ) data of HfV2Ga4 using
different gap models is presented in the Supplemental
Material [24]. The multigap features are usually seen
in iron-based superconductors, Ba1−xKxFe2As2 [25, 26],
cuprate superconductors [27, 28] also in Bi4O4S3 [29].
Following the method described in Ref. [31], we deter-
mined the values of λL(0)= 797(4) nm for s+d wave fit,
ns = 6.78(9) × 1025 carriers m−3, and m∗ = 1.528(2)me
respectively, for HfV2Ga4. For a detail calculations see
the Supplemental Material [24].
To examine the fundamental issue of the presence of
time-reversal symmetry (TRS) breaking or spin fluctua-
tions in HfV2Ga4, we did ZF−µSR measurements. This
technique is extremely helpful to identify the tiny spon-
taneous magnetic fields below TC. In the case of con-
ventional superconductors, there is no change in the ZF
muon relaxation rate (λZF ) below TC. λZF increases
with decrease in temperature at TC if TRS is broken.
Fig. 2(a) shows the ZF−µSR signal at 4.6 K and 0.1
K. The ZF−µSR signal could be best described by a
combined Lorentzian and Gaussian Kubo-Toyabe relax-
ation function: AZF(t) = A2AKT(t)e
−λZFt + Abg, here
AKT(t) = [
1
3 +
2
3 (1 − σ2KTt2) exp(−σ
2
KTt
2
2 )], is known as
4FIG. 3. (Upper panel) Electronic bands along a selected path in the first BZ of HfV2Ga4. The Fermi energy (EF) is set at
0.0 eV. (Lower panel) Hf- and V-d orbital character contribution to electronic states projected over the three distinct Fermi
surface sheets.
the Gaussian Kubo-Toyabe function, A2 and Abg rep-
resent the asymmetry contribution from sample and sil-
ver holder, respectively. The resulting fit parameter is
shown in Fig. 2(b). It is interesting to note that λZF (T )
increases with decreasing temperature, suggesting the
presence of spin-fluatation in HfV2Ga4. Furthermore,
the fits to the ZF data give σKT = 0.368(5) µs
−1 and
λµ = 0.0525(5) µs
−1 at 0.1 K and σKT = 0.368(5) µs−1
and λµ = 0.0337(6) µs
−1 at 4.6 K.
Analysis of band-structure and Fermi surface of the
HfV2Ga4 compound can provide a suitable baseline from
which to raise some phenomenological hypothesis of the
mechanisms involved in such unconventional supercon-
ductivity shown by the experimental evidence presented
in this letter. Therefore, optimized first-principles calcu-
lations were carried out in the framework of the Kohn-
Sham scheme within the Density Functional Theory
(DFT) [32, 33], performed within the pseudopotential
approach in the Perdew-Burke-Ernzerhof (PBE) gener-
alized gradient approximation [34, 35] as implemented in
Quantum Espresso [36, 37] and support by auxiliary
codes [38, 39].
Fig. reffig:fermisurface(a) shows the band-structure
through high-symmetry points in the first Brillouin zone
(BZ) [40]. Multiple distinct bands are crossing the Fermi
energy (EF ), with very contrasting V-d and Hf-d char-
acters. Other atomic orbital contributions to the elec-
tronic density in the vicinity of the EF are negligible.
The obtained results are in great agreement with previous
electronic-structure calculations [11], except for the pres-
ence of an additional band in the Fermi level (resulting in
a very small quasi-spheric hole-pocket around the Z point
in the Fermi surface). Additionally, Fig. 3(b-d) presents
the projected-orbital Fermi surface with a color scheme
for each irreducible representation. The reddish regions
indicate a substantial contribution of V-d orbitals, which
dictate the density of states (DOS) at the Fermi level;
the bluish ones represent a major character derived from
Hf-d orbitals; while the greenish branches depict a strong
hybridization between these two states, as indicated by
the color bar scale.
The Fermi surface consists of multiple tridimensional
disconnected sheets, bridging the way for a multiband
superconductivity scenario: (a) a minor hybridized hole
sphere next to the Z point; (b) a quasi-hyperbolic
paraboloid with hole carriers that develops around the
M point with substantial admixture of Hf-d and V-d or-
bitals, in the midpoint of the line that connects the two
rhombuses (which we will call horse-saddle), plus a very
complex hole-like surface around the Z point composed
mainly by Hf-d character with a slight degree of V-d (jel-
lyfish); (c) and multiple V-d electron cone-shaped pock-
ets around the P point (seashell), together with small
electron-pockets saddled within the BZ along the M-Γ
high-symmetry line.
Such hole bands with a predominant Hf-derived char-
acter are deeply sensitive against spin-orbit interactions,
as opposed to V-d bands, which, in turn, play a crucial
role in the low-energy electronic states [11]. This fermiol-
ogy, with very distinct disconnected pockets, in the sense
of their orbital weight contribution and, hence, their ef-
fective spin-orbit coupling, favors the condensation of
5pairs with different superconducting order parameters.
Since jellyfish-pockets have a strong Hf-d character, we
could expect the emergence of pair states with non-zero
angular momentum and strong angular anisotropy, re-
sulting in an even-parity momentum-dependent order pa-
rameter. On the other hand, the negligible effect of
SOC in V bands favors the emergence of conventional
s-wave pairing. This interpretation supports the experi-
mental s + d-wave symmetry as founded. Moreover, the
weighting factor of 0.57 to s-wave pairing is attributed
to the higher contribution of V states on the DOS at the
Fermi level, residing mainly at the seashell -pockets, and
a lower d-wave character coming from those Hf-derived
structures.
On the other hand, repulsive interactions between the
sheets, driven by spin fluctuations, for instance, are unex-
pected due to the complex nature of the fermiology. How-
ever, the jellyfish- and horse-saddle-pockets will take ad-
vantage of hole doping, increasing the SOC effects on the
low-energy states, at the same time that seashell -pockets
will gradually decrease (see the Supplemental Material
[24]), paving the way for discontinuous sign change of the
order parameter phase and spin fluctuations by the en-
largement of possible nearly induced nesting instabilities
[41–44]. This mechanism becomes relevant in our context
since Ga-deficient HfV2Ga4 samples can, in a first ap-
proximation, effectively decrease the chemical potential
of occupied states by a few meV, promoting such features.
Also, hole doping promotes an increase in the density of
states, favoring electronic correlations, and contributing
to spontaneous symmetry breaking mechanisms. Indeed,
nearly nested Fermi surface pockets and the anisotropic
gap function support the enhanced pairing strength ob-
served in µSR measurements (2∆1/kBTc = 6.27) [45–47].
Therefore, Ga-deficiency can be imperative to the uncon-
ventional superconductivity of HfV2Ga4, which seems to
be unique, and high-quality single crystals, with system-
atic doping content, are urgently required to investigate
the superconducting state further and to confirm the pro-
posed hypothesis.
In summary, we have examined the superconducting
state of HfV2Ga4 utilizing magnetotransport, µSR, and
numerical band-structure calculations. The temperature
dependence of the magnetic penetration depth, λ−2(T ),
is better fitted to a nodal two-gap s+d-wave model than
a single gap isotropic s−wave, anisotropic s-wave or d-
wave models, suggesting unconventional superconductiv-
ity in HfV2Ga4. The large value of gap to Tc ratio,
2∆1(0)/kBTc = 6.27±0.2, obtained from the nodal s+d-
wave gap, is larger than 3.53, expected for conventional
BCS superconductors, indicating the presence of strong
coupling superconductivity in HfV2Ga4. The decrease in
ZF relaxation rate with temperature indicates the pres-
ence of spin fluctuations in the superconducting state of
HfV2Ga4. In addition, ab initio calculations suggest that
there are electrons derived from multiple distinct bands
in disconnected sheets of the Fermi surface, in agreement
with the experimental evidence of two-gap superconduc-
tivity for HfV2Ga4, and the momentum-dependent SOC
interactions may be a theoretical starting point to eluci-
date the appearance of nodal superconductivity.
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7SUPPLEMENTAL MATERIAL: TWO-BAND
SUPERCONDUCTIVITY WITH
UNCONVENTIONAL PAIRING SYMMETRY IN
HFV2GA4
Crystal Structure, Resistivity, and Magnetization
Fig. 4(a) manifests a representative XRD pattern along
with refinement which confirms the single-phase nature of
HfV2Ga4 sample. It crystallizes in the YbMo2Al4 proto-
type tetragonal structure [1] with space group I4/mmm,
no 139. The inset of Fig. 4(a) displays a schematic illus-
tration of tetragonal unit cell where Hf (gray), V (blue),
and Ga (red) sites are at the 2a (0, 0, 0), 4d (0, 12 ,
1
4 ),
and 8h (0.303, 0.303, 0) Wyckoff positions, respectively.
As shown in Fig. 4(b), the ρ(T ) data exhibit a metallic
behavior down to the superconducting transition at TC
= 3.9 K. As shown in Fig. 4(c), magnetic susceptibility
χ(T ) data show TC at 3.9 K, consistent with the value
determined from ρ(T ) data.
TF-µSR: Superconducting Parameters
The muon spin depolarization rate observed below
TC is linked to the magnetic penetration depth. For a
triangular[2–5] lattice
σ2sc
γ2µ
=
0.00371×φ20
λ4 , where φ0 = 2.07
×10−15 Tm2, is the flux quantum number and γµ/2pi
= 135.5 MHz T−1, is the muon gyromagnetic ratio.
Using London’s theory [2] λ2L =
m∗c2
4pinse2
, where m∗ =
(1 + λe−ph)me is the effective mass and ns is the den-
sity of superconducting carriers. λe−ph is the electron-
photon coupling constant that estimated using McMil-
lans relation [6–8]: λe−ph =
1.04+µ∗ ln(ΘD/1.45TC)
(1−0.62µ∗) ln(ΘD/1.45TC)−1.04 ,
here µ∗ is the repulsive screened Coulomb parameter
with a typical value of µ∗ = 0.12 and ΘD = 416.3 K,
give λe−ph = 0.528(2). As HfV2Ga4 is a type II super-
conductor, supposing that approximately all the normal
states carriers (ne) contribute to the superconductivity
(ns ≈ ne), the magnetic penetration depth λ, supercon-
ducting carrier density ns, the effective-mass enhance-
ment m∗ have been estimated to be λL(0) = 797(4) nm,
ns = 6.78(9) × 1025 carriers m−3, and m∗ = 1.528(2)me
respectively, for HfV2Ga4.
Uemura Plot: Unconventional Superconductivity
Uemura plot [10] is crucial for classifying conventional
and unconventional superconductors. In case of, Uemura
classification scheme, which considers the correspondence
between TC and the effective Fermi temperature, TF,
determined from TF-µSR measurement [9]. Uemura et
al. suggested that exotic superconductors, i.e. high TC
cuprates, heavy fermions, Chevrel phases and the organic
superconductors, form a similar but different group, de-
fined by a universal scaling of TC with TF such that
1/10> (TC/TF) >1/100 as shown in Fig. 5. For con-
ventional BCS superconductors 1/1000> (TC/TF). The
estimated value of TC/TF = 3.9/460.97 = 0.00846 for
HfV2Ga4, which further suggest that HfV2Ga4 can be
classified as an unconventional superconductor as shown
in Fig. 5, according to Uemura’s scheme [10].
First-principles calculations: Hole doping effect
Fig. 6(a-c) shows modified Fermi surfaces by lower-
ing the chemical potential in HfV2Ga4 by a few meV.
The figures simulate, in the rigid band approximation,
the depletion of electrons in going from the calculated
HfV2Ga4 compound to HfV2Ga3.7, as experimentally
measured. The hole jellyfish- and horse-saddle-pockets
will continually increase, favoring spin-orbit coupling,
nesting regions, and correlation effects, whereas the elec-
tron seashell -pockets will gradually decrease. This hole
doping can be reached, in a first approximation, utilizing
Ga-deficiency control in HfV2Ga4 samples, considering
the nature of Ga-Ga atomic bonding [11].
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8FIG. 4. (a) Represent the X-ray diffraction pattern (symbols) of HfV2Ga4 with Rietveld refinement (solid red line). Inset of
(a) shows the tetragonal unit cell of HfV2Ga4, where Hf (gray), V (blue), and Ga (red) occupy at the 2a (0, 0, 0), 4d (0,
1
2
, 1
4
),
and 8h (0.303, 0.303, 0) Wyckoff positions, respectively. (b) Temperature variation of resistivity over the range 1.8 K ≤ T ≤
300 K, with the inset showing a drop in the resistivity at 3.9 K. (c) Temperature dependence of the magnetic susceptibility
χ(T ) in zero-field-cooled warming and field-cooled cooling (FCC) mode in presence of an applied magnetic field of 2 mT.
TABLE I. The parameters obtained from the fit to the σsc(T ) data of HfV2Ga4 using different gap models.
Model g(φ)
Gap Value
∆(0)(meV)
Gap Ratio
2∆(0)/kBTC
Weight
factor
χ2
s+ d-wave 1, cos(2φ) 0.98(1); 0.09(6) 6.27(2); 1.14(1) 0.57(1) 1.3(2)
s+ s-wave 1 1.08(3); 0.09(7) 6.91(1); 0.57(5) 0.87(2) 2.2(3)
anisotropy s-wave |1+cos(φ)|
2
1.14(2) 7.29(2) 1.0 2.3(1)
s-wave 1 0.91(4) 5.84(1) 1.0 2.3(2)
d- wave cos(2φ) 9.78(7) 2.82(1) 1.0 3.0(3)
9FIG. 5. (Color online) A schematic description of the Uemura plot. The exotic superconductors fall within a universal band
for which 1/100< TC/TF <1/10, shown by the area between two red colors dashed lines in the figure. The solid black line
resembles the Bose-Einstein condensation temperature (TB). [9]
FIG. 6. Evolution of the orbital character projected over the Fermi surface, with hole doping according to the rigid band
approximation.
